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Abstract We used a sample of super-Earth-like planets detected by the Doppler 
spectroscopy and transit techniques to explore the dependence of orbital parame¬ 
ters of the planets on the metallicity of their host stars. We confirm the previous 
results (although still based on small samples of planets) that super-Earths or¬ 
biting around metal-rich stars are not observed to be as distant from their host 
stars as we observe their metal-poor counterparts to be. The orbits of these super- 
Earths with metal-rich hosts usually do not reach into the Habitable Zone (HZ), 
keeping them very hot and inhabitable. We found that most of the known planets 
in the HZ are orbiting their GK-type hosts which are metal-poor. The metal-poor 
nature of planets in the HZ suggests a high Mg abundance relative to Si and high 
Si abundance relative to Fe. These results lead us to speculate that HZ planets 
might be more frequent in the ancient Galaxy and had compositions different from 
that of our Earth. 

Keywords Planet composition • Stellar abundances ■ Habitability ■ Planetary 
orbits 


1 Introduction 


Twenty years ago, in 1995, the first extra solar planet orbiting a m ain sequence 


solar-type star, 51 Pegasi, was detected (|Mavor and Queloj . fl 99^ . Nowadays, 
several thousand of exoplanets and exoplanet candidates are announced, dozens 
of them being located in the so called habitable zone: a zone where exoplanets 
permitted to have liqu id water on their solid surface ( Gruz and Coonta l201,'ll : 
iKopparapu et ai l201,'lr) . This large amount of discovered exoplanets allowed to 
achieve an unprecedented advancement on our understanding of formation and 
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evolution of exoplanets, although, sometimes, newly discovered planets bring more 
questions than answers. The recorded progress was possible due to many observa¬ 
tional studies of individual and statistical properties of exoplanets (and their host 
stars), successfully followed by theoretical explainations. 

lanet occur- 

Santos et all 


ire giant- p 
^ Il997l: l£ 


One of the first observed properties of exoplane ts was the 

rence dependence on the host star metallicity ( e.g. Gonzaleu . _ _. . 

I 2 OOIL l2f)04 I.Tohnson et aj 12014 iMortier et al l201.'l|l . Interestingly, this depe: 
dence , if exist, is likely very w e ak for low-mass/small-size planets fe.g. lSousa et all 
I 2 OIII : iBuchhave and Lathaml l2015|l . These observational results were theoreti- 
cally explain e d within the context of core -accretion theory of planet formation 
( Ida and Linl . 12004 iMordasini et al I 2 OI 2 II . It is worth noting that these corre¬ 
lations were recen tly reproduced in the context of gravitational instability too. 
This was done bv iNavakshin and Fletch^ ( 2015ll . who used a Tidal Downsizing 
hypothesis for planet formation. 

The importance of stellar (and disk) metallicity is probably not only lim¬ 
ited to the formation of planets. Recently, it was shown that the architecture 
of planets may also depend on the stellar metallicity (iBeauge and Nesyorn^ 201,'! ; 


Daws on and Murrav-Cla^ 1201.4 lAdibekvan et ti fS) . Moreover. IPawson et all 
^2015!) proposed that the presence or absence of gaseous atmosphere of small-sized 
planets depends on metallicity thorough disk solid surface density. 

In all the aforementioned studies, the iron content was used as a proxy for 
overall metallicity. However, recent works showed that elements other than iron 
may play a very important role fo r planet formation. In particular, it wa s shown 
that iron-poor stars hosting gia- r it ( Haywood! l2004120fl9l : lAdibekvan et al l2012btl 
and low-mass ( Adibekvan et ail2012a l planets are systematically enhanced in a- 
elements. It was also shown that low-mass planet hosts show a high Mg/Si abun- 
dance ratio compared t o the field stars without any detected planetary companion 
( Adibekvan et a l2^ . 

The importance of individual heavy elements and specific elemental ratios is 
not only limited to the formation of the p lanets, but may also control the struc¬ 


ture and composition of the planets (e.g. Grassetet^ 2009L Bonde£^ , 


Delgado Mena et al . 201o! Rogers and Seagei. 2010l : Thiabaud et a i I 2014 


201C; 


2015: 


Dorn et all 2015 : Kereszturi and Noackl 2016h . In particular, Mg/Si and Fe/Si 


mineralogical ratios were proposed to allow to constrain the internal structure 
of terrestrial planets ( Dorn et UlioTi. These t heoretical models were recently 

successfully tested on three terrestrial planets by Santos^^^|j 201^_ 

In this work we wil l first revisit the results of Beauge and Nesvornvl (|2ni,*l|l and 
lAdibekvan et all ( 2013ll on the dependence of orbital distance (a) of small-size/low- 
mass planets on metallicity. Then, by extrapolating our results, we discuss the 
possible properties of planets in the HZ. 


2 Super-Earths on the period — mass/radius diagram 

The recent works of iBeauge and Nesvornvl (|2013li and lAdibekvan et a 1 (l2013|i indi¬ 
cate that there is a dependence of orbit al distances of super-Earths a nd Neptune- 
like planets on the stellar metallicity. iBeauge and Nesvornvl ( 201,4) . by using a 
sample of exoplanet candidates from the Kepler mission, found that small planets 
{Rp < 4R0) orbiting around metal-poor stars always have periods greater than 5 
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Fig. 1 The position of low-mass planets around FGK dwarf stars on the a - Mp plane (left 
panel) and of small-size planets around FGK dwarf stars on the a - Rp plane (right panel). 
The bottom panels show the position of the planets at the largest orbital distances in the 
systems. Red circles correspond to planets orbiting stars with [Fe/H] < -O.f dex and blue 
crosses represent planets orbiting metal-rich stars with [Fe/H] > -0.1 dex. The HZ of the star 
with the shortest inner edge distance from the star is presented in blue shade. 


days, while planets with simi lar sizes but around metal-rich stars show shorter pe¬ 
riods. [Adibekya^^etj^ ( 20131) . by using a sample of radial velocity (RV) detected 
exoplanets, fonnd that low-mass planets aronnd metal-rich stars do not show large 
orbital periods (greater than 20 days), while planets of the same mass, bnt or¬ 
biting around metal-poor stars span a wider range of orbital periods (see their 
Fig. 2). These two results are not fully compatible and may come from the possi¬ 
ble detection biases in the RV or transit surveys, from the way how the samples 
were built, or from the low-number statistics. However, they both suggest that the 
period (or orbital distance) distribution of the observed planets depends on the 
stellar metallicity. 


2.1 Distance - mass diagram for low-mass planets 


To revisit the results of I Adibelg^an et"^ ( 20131) . we selected all the RV detected 


bei^c 

low-mass planets (exoplanet.eii^ around FGK dwarf stars (M* > 0.5 Mp,) for 
which stellar parameters were derived in a homogeneous way (SWEET-Cat: [Santos et 
(l2013l) fl Since, low-mass planets around metal-rich stars may have higher mass 
planetary companions at larger distances that may affect (due to grav itational in¬ 
teractions) the orbital distances of the planets ( Adibekvan et ail2013l) . we selected 
only those systems where the highest mass planetary companion has Mp < IOM 0 . 

Our sample consists of 26 planets in 12 systems. On the top-left panel of Fig.[T] 
we show the position of all the planets on the a - Mp diagram, separating planets by 
their host star’s metallicity. The bottom-left panel shows positions of the planets 
with the largest orbital distances in the system. The figure clearly hints a lack 


^ http://exoplanet.eu/ 

^ https: / / www.astro.up.pt/resources/sweet-cat 
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of plane ts at large orbita l dista nces from their metal-rich hosts and confirms the 
result of lAdibekvan etliil ( 201 , * 111 . 

To evaluate the statistical significance of this result we applied a simple bino¬ 
mial statistics test. All the RV detected planets orbiting around metal-rich stars 
(9 planets) are within 0.13 AU distance from their hosts (see the top-left panel 
of Fig. 1). There are also 9 planets orbiting around metal-poor stars within the 
same distance. Thus, if we assume that the metallicity is not the parameter that 
determines the positions of these planets in the plot, then the probability of a 
planet to orbit around a star within the mentioned distance is (9-|-9)/26 (26 is 
the total number of planets). Under this assumption our data follows the binomial 
distribution and the binomial statistics give a probability of Pi,i„=0.039 that all 
the planets orbiting metal-rich stars would orbit within 0.13 AU distance from 
their hosts by chance. The same statistical test when applied to the data from the 
bottom-left panel of Fig. 1 provide probability of Pbiri=0.036. 

A quite common test that could be performed to our data is the bootstrap¬ 
ping. If we shuffle the whole data large number of times and count the number 
of trials that all the planets around metal-rich stars have orbits closer than 0.13 
AU we can calculate t he probability that the event occurred by chance (see e.g. 
lAdibekvan et a il. l2013l) . However, these probability values will be very close to the 
p-values obtained from the binomial statistics, because the underlying assumption 
is the same. 

We would like to stress that the samples are small, therefore, the results and 
conclusions regarding them should be considered with caution. 

It is also very interesting to note that planets around metal-rich stars are 
usually in single or double systems, while met al-poor stars host more planets (up 
to six planets - HD40307: ( Tuomi et al [201^ i. 


2.2 Distance - radius diagram for small-size planets 


We constructed our transit sample from that of iBuchhave et ail ( 2014|l . by select¬ 
ing planetary systems that contains only small-size planets of Rp < 2 i ?0 and 
orbiting around FGK dwarfs. We note that this radius is an ap proximate maxi¬ 
mum radius for habitable planets as suggested bv I Alibertl ( 20141) . To decrease the 
possible false-positive rates in our sample, we selected only planets which are con- 
firmed (NASA Exop lanet Archi val) or planets which are in multiple systems (see 
lLissa\ier et al 120121) . Following iBuchhave et all ( 2014h , we excluded systems with 
highly irradiated planets (stellar flux F > 5x10® J s~^ m~^), that mi g ht ha ve un¬ 
dergone significant atmospheric evaporation (see also lOwen and Wul . l2013l) . Our 
final sample consists of 45 planets in 20 systems. 

The distributions of all the planets and the planets with the largest orbital 
distance in a system on the a - Rp plane are shown on the top-right and bottom- 
right panels of Fig. [1] As for the RV detected planets, the planets are separated 
according to their host star metallicity. The distribution of the a of the transiting 
planets is qualitatively similar to that of RV detected planets. Planets around 
metal-rich stars do not orbit their stars at distances as large as their metal-poor 
counterparts. However, orbital distances of the metal-rich transiting planets are 


® NASA Exoplanet Archive — http://exoplanetarchive.ipac.caltech.edu/ 
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Fig. 2 Habitable zone planets around FGK dwarf stars on the a - Mp and a — Rp planes. Red 
symbols correspond to planets orbiting stars with [Fe/H] < -0.1 dex and blue symbols represent 
planets orbiting metal-rich stars with [Fe/H] > -0.1 dex. Planets with mass measurements are 
presented by asterisks and with radius measurements by filled circles. The three planets with 
both mass and radius measurements are connected by red lines. Three planets orbiting the 
coolest stars are marked by open large circles. 


slightly larger than that observed for metal-rich planets detected with the Doppler 
spectroscopy. 

We applied the same binomial statistics as it was done for the RV detected 
planets and obtained Pbin = 0.029 and Pbin = 0.044 for the samples of the top- 
right and bottom-right panels of Fig. 1, respectively. We again would like to remind 
the reader about the limited size of the samples. 


It is interesting to see that the fraction of metal-poor planets is much lower 
in the transiting data than in the RV sample. This might be related to the dif¬ 
ferent fields (e.g. different stellar populations) surveyed by the RV and transit 
search programs , and/o r shift of the zero-points of the metallicities. However, 
lAdibekvan et alN gOjjb ) showed that t here is a good agreement between metallic- 
ities derived bv iBuchhave et all ( 20121) and by stan dard spectroscopic techniques 
based on curve of growth (e.g. Sousa et all 2008h . It is also still possible that 


some of the transiting planet candidates are false positive that affects the true 
metallicity distribution of the transiting samples. 


We note that iBeauere and Nesvorii^ ( 2ni,*l|) did not find small planets around 
metal-poor stars with short orbital periods, likely because their sample was about 
one third of this sample. 
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2.3 Planets in the habitable zone 


In Fig. [H we show the HZ of the star with the shortest inner edge distance 
from the star. The HZ of the RV detected planet hosts are calculated following 
iKopparapu et a] ( 2013ll . For the transiting planets it is hard to get precise infor¬ 
mation on the host stars luminosity, because of their poor distance estimation. 
In the right panel of the plot the HZ starts from a=0.427 AU, w hich is the or¬ 
bital distance of Kepler-62e, a habitable planet around K type star ( Borucki et all 
l2013li . As one can see, most of the planets orbit their stars in the zone where the 
temperature is still high for water to be in a liquid form at the surface of the plan¬ 
ets. While the lack of long-distance super-Earths is mostly due to the detection 
limits in the planet search programs, this bias probably is not responsible for the 
sub-grouping of planets depending on their host stars metallicity. Fig.[T]shows that 
metal-poor super-Earths are closer to the HZ than their metal-rich counterparts, 
and the two planets (Kepler-62e and HD40307g), that are located in the HZ, are 
hosted by metal-poor stars. 

In Fig. [2j we plot all the known planets in the HZ that are orbiting FGK type 


Stan 


a on the a 


Mp and a 


Rp planes. Ten out of the 15 planets (note, that three 
planets are plotted twice because they have both radius and mass measurements) 
are orbiting stars with [Fe/H] < -0.1 dex. In fact, all the hve planets for which 
there is a RV confirmation are orbiting low-metallicity stars. Three of the planets 
orbiting metal-rich stars, have the coolest hosts in the sample with the Teff < 
4050 K, for which the derivation of stellar parameters, including metallicity is more 
difficult, hence probably less precise. 


3 Concluding remarks and outlook 


Our samples of low-mass and small-size planets detected by the RV and transit 
methods show that planetary architecture depends on the metallicity of the disk 
where they formed. In particular, we showed that these super-Earths orbiting 
around metal-rich stars ([Ee/H] > -0.1 dex) do not have orbits as large as it is 
observed for their metal-poor counterparts. The orbits of the super-Earths with 
metal-rich hosts, usually do not reach to the HZ, making them very hot and 
inhabitable. We note that the maximum mass and radius of the selecte d planets 
are l OMm and 2 R 0 , which are approximate limits for habitable planets ( Alibertl 

I2OI4II . 

The sample of 15 planets orbiting their FGK hosts inside the HZ (all the known 
planets), shows that these planets tend to orbit stars with low metallicities: only 
three out of the 15 planets have hosts with metallicity higher than that of the Sun. 
The only planet in the HZ orbiti ng solar-like (G-typ e) metal-rich star is the very 
recently discovered Kepler-452b ( Jenkins et ail2f)15h . 

The extrapolation of our results, that the planets in the HZ tend to orbit 
around metal-p oor stars, can hav e very in teresting and important implications. As 
it was shown in lAdibekvan et'SI ( 2012bll . metal-poor hosts of super-Earths tend 
to be enhanced in a-elements, which means high Si/Fe ratio. Similarly, metal- 
poor low-mass planet hosts are more enhanced in Mg relative to Si, i.e, high 


^ http://phi.upr.edu/projects/habitable-exoplanets-catalog 
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Mg/Si ratio ( Adibekvan et These two mineralogical ratios , Si/Fe and 

Mg/Si, are very import ant for the formation of terrestrial planets (e.g. iBond et~^ 
l201Cll : lDorn et ail2015ll . M oreover, the struc ture and composition of the planets is 
controlled by these ratios ( Dorn et 11 120151) . 

The discussion presented above, on the dependence of composition of planets 
on the chemical properties of their hosts, leads us to speculate that probably the 
frequency of planets in the HZ was higher in the ancient Galaxy and in the outer 
disk of the Galaxy, when/where the metallicity is on average lower than in the 
solar neighborhood. Moreover, most of these planets in the HZ (because of lower 
metallicity, high Si/Fe, and high Mg/Si) should have composition that might be 
very different than that of our Earth. 

Our results and discussion is based on a small sample of low-mass/small-size 
planets and some of the conclusions are, of course, very speculative. We have an 
example of our Earth - a habitable planet in the HZ - which is orbiting a non- 
metal-poor star. The future large planet search missions, such as TESS, CHEOPS, 
and PLATO-2.0 will certainly help us to make the picture more clear and to 
understand if the case of the Earth is a rule or rather an exception. 


Acknowledgements This work was supported by Fundagao para a Ciencia e a Tecnolo- 
gia (FCT) through the research grant UID/FIS/04434/2013. V.A. acknowledges the support 
from the Fundagao para a Ciencia e Tecnologia, FCT (Portugal) in the form of the grant 
SFRH/BPD/70574/2010. P.F. and N.C.S. also acknowledge the support from FCT through 
Investigador FCT contracts of reference IF/01037/2013 and IF/00169/2012, respectively, and 
POPH/FSE (EC) by FEDER funding through the program “Programa Operacional de Fac- 
tores de Competitividade - COMPETE”. PF further acknowledges support from Fundagao 
para a Ciencia e a Tecnologia (FCT) in the form of an exploratory project of reference 
IF/01037/2013CP1191/CT0001. This work results within the collaboration of the COST Ac¬ 
tion TD 1308. We would like to thank Joao Faria for his interesting comments and suggestions. 


References 

Adibekyan V, Santos NG, Figueira P, Dorn C, Sousa SG, Delgado-Mena E, Is- 
raelian G, Hakobyan AA, Mordasini C (2015) From stellar to planetary compo¬ 
sition: Galactic chemical evolution of Mg/Si mineralogical ratio. Astron Astro- 
phys 581:L2, DOI 10.1051/0004-6361/201527059, 1508.04970 

Adibekyan VZ, Delgado Mena E, Sousa SG, Santos NC, Israelian G, Gonzalez 
Hernandez JI, Mayor M, Hakobyan AA (2012a) Exploring the a-enhancement 
of metal-poor planet-hosting stars. The Kepler and HARPS samples. Astron 
Astrophys 547:A36, DOI 10.1051/0004-6361/201220167, 1209.6272 

Adibekyan VZ, Santos NG, Sousa SG, Israelian G, Delgado Mena E, Gonzalez 
Hernandez JI, Mayor M, Lovis C, Udry S (2012b) Overabundance of a-elements 
in exoplanet-hosting stars. Astron Astrophys 543:A89, DOI 10.1051/0004-6361/ 
201219564, 1205.6670 

Adibekyan VZ, Figueira P, Santos NC, Mortier A, Mordasini C, Delgado Mena 
E, Sousa SG, Correia ACM, Israelian G, Oshagh M (2013) Orbital and phys¬ 
ical properties of planets and their hosts: new insights on planet formation 
and evolution. Astron Astrophys 560:A51, DOI 10.1051/0004-6361/201322551, 
1311.2417 

Alibert Y (2014) On the radius of habitable planets. Astron Astrophys 561:A41, 
DOI 10.1051/0004-6361/201322293, 1311.3039 


















Vardan Adibekyan^ et al. 


Beauge C, Nesvorny D (2013) Emerging Trends in a Period-Radius Distribution 
of Close-in Planets. Astrophys J 763:12, DOI 10.1088/0004-637X/763/1/12, 
1211.4533 

Bond JC, O’Brien DP, Lauretta DS (2010) The Compositional Diversity of Ex¬ 
trasolar Terrestrial Planets. I. In Situ Simulations. Astrophys J 715:1050-1070, 
DOI 10.1088/0004-637X/715/2/1050, 1004.0971 

Borncki WJ, Agol E, Fressin F, Kaltenegger L, Rowe J, Isaacson H, Fischer D, 
Batalha N, Lissauer JJ, Marcy GW, Fabrycky D, Desert JM, Bryson ST, Bar¬ 
clay T, Bastien F, Boss A, Brugamyer E, Buchhave LA, Burke C, Caldwell DA, 
Carter J, Charbonneau D, Crepp JR, Christensen-Dalsgaard J, Christiansen JL, 
Ciardi D, Cochran WD, DeVore E, Doyle L, Dupree AK, Endl M, Everett ME, 
Ford EB, Fortney J, Gautier TN, Geary JC, Gould A, Haas M, Henze C, Howard 
AW, Howell SB, Huber D, Jenkins JM, Kjeldsen H, Kolbl R, Kolodziejczak J, 
Latham DW, Lee BL, Lopez E, Mullally F, Orosz JA, Prsa A, Quintana EV, 
Sanchis-Ojeda R, Sasselov D, Seader S, Shporer A, Steffen JH, Still M, Tenen- 
baum P, Thompson SE, Torres G, Twicken JD, Welsh WE, Winn JN (2013) 
Kepler-62: A Five-Planet System with Planets of 1.4 and 1.6 Earth Radii in the 
Habitable Zone. Science 340:587-590, DOI 10.1126/science.1234702, 1304.7387 

Buchhave LA, Latham DW (2015) The Metallicities of Stars with and without 
Transiting Planets. Astrophys J 808:187, DOI 10.1088/0004-637X/808/2/187, 
1507.03557 

Buchhave LA, Latham DW, Johansen A, Bizzarro M, Torres G, Rowe JE, Batalha 
NM, Borncki WJ, Brugamyer E, Caldwell C, Bryson ST, Ciardi DR, Cochran 
WD, Endl M, Esquerdo GA, Ford EB, Geary JC, Gilliland RL, Hansen T, 
Isaacson H, Laird JB, Lucas PW, Marcy GW, Morse JA, Robertson P, Shporer 
A, Stefanik RP, Still M, Quinn SN (2012) An abundance of small exoplanets 
around stars with a wide range of metallicities. Nature 486:375-377, DOI 10. 
I038/NatureIlI2I 

Buchhave LA, Bizzarro M, Latham DW, Sasselov D, Cochran WD, Endl M, Isaac¬ 
son H, Juncher D, Marcy GW (2014) Three regimes of extrasolar planet ra¬ 
dius inferred from host star metallicities. Nature 509:593-595, DOI 10.1038/ 
Naturel3254, 1405.7695 

Cruz M, Coontz R (2013) Alien Worlds Galore. Science 340:565-565 

Dawson RI, Murray-Clay RA (2013) Giant Planets Orbiting Metal-rich Stars Show 
SigNatures of Planet-Planet Interactions. Astrophys J Lett 767:L24, DOI 10. 
I088/2041-8205/767/2/L24,1302.6244 

Dawson RI, Chiang E, Lee EJ (2015) A metallicity recipe for rocky planets. Mon 
Not R Astron Soc 453:1471-1483, DOI 10.1093/mnras/stvl639, 1506.06867 

Delgado Mena E, Israelian G, Gonzalez Hernandez JI, Bond JC, Santos NC, Udry 
S, Mayor M (2010) Chemical Clues on the Formation of Planetary Systems: 
C/0 Versus Mg/Si for HARPS GTO Sample. Astrophys J 725:2349-2358, DOI 
I0.1088/0004-637X/725/2/2349, 1009.5224 

Dorn C, Khan A, Heng K, Connolly JAD, Alibert Y, Benz W, Tackley P (2015) 
Can we constrain the interior structure of rocky exoplanets from mass and radius 
measurements? Astron Astrophys 577:A83, DOI 10.1051/0004-6361/201424915, 
1502.03605 

Gonzalez G (1997) The stellar metallicity-giant planet connection. Mon Not R 
Astron Soc 285:403-412 

Grasset O, Schneider J, Sotin C (2009) A Study of the Accuracy of Mass-Radius 



Which type of planets do we expect to observe in the Habitable Zone? 


9 


Relationships for Silicate-Rich and Ice-Rich Planets up to 100 Earth Masses. 
Astrophys J 693:722-733, DOI 10.1088/0004-637X/693/1/722, 0902.1640 
Haywood M (2008) A peculiarity of metal-poor stars with planets? Astron Astro¬ 
phys 482:673-676, DOI 10.1051/0004-6361:20079141, 0804.2954 
Haywood M (2009) On the Correlation Between Metallicity and the Presence of 
Giant Planets. Astrophys J Lett 698:L1-L5, DOI 10.1088/0004-637X/698/1/L1, 
0904.4445 

Ida S, Lin DNC (2004) Toward a Deterministic Model of Planetary Formation. H. 
The Formation and Retention of Gas Giant Planets around Stars with a Range 
of Metallicities. Astrophys J 616:567-572, DOI 10.1086/424830 
Jenkins JM, Twicken JD, Batalha NM, Caldwell DA, Cochran WD, Endl M, 
Latham DW, Esquerdo GA, Seader S, Bieryla A, Petigura E, Giardi DR, Marcy 
GW, Isaacson H, Huber D, Rowe JF, Torres G, Bryson ST, Buchhave L, Ramirez 
I, Wolfgang A, Li J, Gampbell JR, Tenenbaum P, Sanderfer D, Henze GE, 
Gatanzarite JH, Gilliland RL, Borucki WJ (2015) Discovery and Validation of 
Kepler-452b: A 1.6 R Super Earth Exoplanet in the Habitable Zone of a G2 
Star. Astron J 150:56, DOI 10.1088/0004-6256/150/2/56, 1507.06723 
Johnson JA, Aller KM, Howard AW, Grepp JR (2010) Giant Planet Occurrence 
in the Stellar Mass-Metallicity Plane. Publ Astron Soc Pac 122:905-915, DOI 
10.1086/655775, 1005.3084 

Kereszturi A, Noack L (2016) Review on the role of planetary factors on habit¬ 
ability. ORIGINS LIFE EVOL B 

Kopparapu RK, Ramirez R, Kasting JF, et al (2013) Habitable Zones around 
Main-sequence Stars: New Estimates. Astrophys J 765:131, DOI 10.1088/ 
0004-637X/765/2/131, 1301.6674 

Lissauer JJ, Marcy GW, Rowe JF, Bryson ST, Adams E, Buchhave LA, Ciardi 
DR, Gochran WD, Fabrycky DC, Ford EB, Fressin F, Geary J, Gilliland RL, 
Holman MJ, Howell SB, Jenkins JM, Kinemuchi K, Koch DG, Morehead RC, 
Ragozzine D, Seader SE, Tanenbaum PG, Torres G, Twicken JD (2012) Almost 
All of Kepler’s Multiple-planet Gandidates Are Planets. Astrophys J 750:112, 
DOI 10.1088/0004-637X/750/2/112, 1201.5424 
Mayor M, Queloz D (1995) A Jupiter-mass companion to a solar-type star. Nature 
378:355-359, DOI 10.1038/378355a0 

Mordasini G, Alibert Y, Benz W, Klahr H, Henning T (2012) Extrasolar planet 
population synthesis . IV. Gorrelations with disk metallicity, mass, and lifetime. 
Astron Astrophys 541:A97, DOI 10.1051/0004-6361/201117350, 1201.1036 
Mortier A, Santos NG, Sousa S, Israelian G, Mayor M, Udry S (2013) On the 
functional form of the metallicity-giant planet correlation. Astron Astrophys 
551:A112, DOI 10.1051/0004-6361/201220707, 1302.1851 
Nayakshin S, Fletcher M (2015) Tidal Downsizing model - HI. Planets from sub- 
Earths to brown dwarfs: structure and metallicity preferences. Mon Not R As¬ 
tron Soc 452:1654-1676, DOI 10.1093/mnras/stvl354, 1504.02365 
Owen JE, Wu Y (2013) Kepler Planets: A Tale of Evaporation. Astrophys J 
775:105, DOI 10.1088/0004-637X/775/2/105, 1303.3899 
Rogers LA, Seager S (2010) A Framework for Quantifying the Degeneracies 
of Exoplanet Interior Compositions. Astrophys J 712:974-991, DOI 10.1088/ 
0004-637X/712/2/974, 0912.3288 

Santos NC, Israelian G, Mayor M (2001) The metal-rich Nature of stars with 
planets. Astron Astrophys 373:1019-1031, DOI 10.1051/0004-6361:20010648, 



10 


Vardan Adibekyan^ et al. 


astro-ph/0105216 

Santos NC, Israelian G, Mayor M (2004) Spectroscopic [Fe/H] for 98 extra-solar 
planet-host stars. Exploring the probability of planet formation. Astron Astro- 
phys 415:1153-1166, DOI 10.1051/0004-6361:20034469, astro-ph/0311541 

Santos NC, Sousa SG, Mortier A, Neves V, Adibekyan V, Tsantaki M, Delgado 
Mena E, Bonhls X, Israelian G, Mayor M, Udry S (2013) SWEET-Cat: A cat¬ 
alogue of parameters for Stars With ExoplanETs. I. New atmospheric param¬ 
eters and masses for 48 stars with planets. Astron Astrophys 556:A150, DOI 
10.1051/0004-6361/201321286, 1307.0354 

Santos NC, Adibekyan V, Mordasini C, Benz W, Delgado-Mena E, Dorn C, Buch- 
have L, Figueira P, Mortier A, Pepe F, Santerne A, Sousa SG, Udry S (2015) 
Constraining planet structure from stellar chemistry: the cases of CoRoT-7, 
Kepler-10, and Kepler-93. Astron Astrophys 580:L13, DOI 10.1051/0004-6361/ 
201526850,1507.08081 

Sousa SG, Santos NC, Mayor M, Udry S, Casagrande L, Israelian G, Pepe F, 
Queloz D, Monteiro MJPFG (2008) Spectroscopic parameters for 451 stars in the 
HARPS GTO planet search program. Stellar [Fe/H] and the frequency of exo- 
Neptunes. Astron Astrophys 487:373-381, DOI 10.1051/0004-6361:200809698, 
0805.4826 

Sousa SG, Santos NC, Israelian G, Mayor M, Udry S (2011) Spectroscopic stellar 
parameters for 582 FGK stars in the HARPS volume-limited sample. Revising 
the metallicity-planet correlation. Astron Astrophys 533:A141, DOI 10.1051/ 
0004-6361/201117699, 1108.5279 

Thiabaud A, Marboeuf U, Alibert Y, Cabral N, Leya I, Mezger K (2014) From 
stellar nebula to planets: The refractory components. Astron Astrophys 562: A27, 
DOI 10.1051/0004-6361/201322208, 1312.3085 

Thiabaud A, Marboeuf U, Alibert Y, Leya I, Mezger K (2015) Elemental ratios in 
stars vs planets. Astron Astrophys 580:A30, DOI 10.1051/0004-6361/201525963, 
1507.01343 

Tuomi M, Anglada-Escude G, Gerlach E, Jones HR A, Reiners A, Rivera EJ, Vogt 
SS, Butler RP (2013) Habitable-zone super-Earth candidate in a six-planet 
system around the K2.5V star HD 40307. Astron Astrophys 549:A48, DOI 
10.1051/0004-6361/201220268, 1211.1617 



